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Abstract 
Catalyst-free chemical vapor deposition is used to form thin (1–2 nm) carbon layers on the 
surface of alumina nanofibers resulting in carbon-alumina nanocomposites. Thermal analysis, X-
ray fluorescent microanalysis, Raman spectroscopy, and electrical resistance measurements of 
these composites show that increasing of synthesis time not only increases the amount of carbon 
on alumina surface, but also the ordering and density of the carbon layers. Nitrogen adsorption 
data reveal the decrease of total pore volume with increasing the synthesis time. The obtained 
composite material could be employed for the preparation of ion-selective membranes with 
switchable ion transport, electroconductive ceramics, and electrochemical sensors. 
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1. Introduction 
 
Chemical vapor deposition (CVD) is one of the most popular methods for synthesis of 
carbon structures. A wide range of carbon materials has been produced by this method [1]. The 
catalytic or template CVD are mainly used nowadays. However, these methods include removal 
of catalyst or template from the resultant products making the technique complicated and costly.  
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Considering factors of operation and costs, non-catalytic or metal-free CVD appear to be 
the best choice. Various types of non-catalytic CVD have already been used to obtain carbon 
nanotubes [2, 3] or graphitic structures [4]. This method opens up new ways of producing novel 
types of nanocomposites, which combine the properties of substrate and carbon structure [5]. For 
example, a composite alumina – CNT material containing one nanotube for each channel was 
obtained by metal-free CVD on the anodic alumina [6]. This composite material showed controlled 
molecular transport characteristics and could be employed for the preparation of composite 
membranes with controlled physical and chemical properties [7]. 
Metal-free CVD also is widely used to form carbon layered structures including carbon 
nanosheets (nanowalls) [8–10] and graphene structures [11–13]. It provides the opportunity to 
produce carbon-coated materials suitable for various applications [14].  
Diversity of resulting materials is achieved by changing the CVD conditions and using 
different types of substrates. The metal-free CVD synthesis of graphene has been tested on 
different kinds of substrates including quartz [12, 15, 16], glass [17, 18], SiO2 [12, 16, 19], MgO 
and ZrO2 [20], Si3N4 [12, 21] and Ge/Si [22], which result in graphitic carbon or nanocrystalline 
graphene. A number of works reported the synthesis of carbon layered and graphene structures on 
Al2O3 [12, 15, 23, 24]. Mostly graphene-like structures were synthesized by plasma-enhanced 
CVD. The 3D graphene structures were produced on nanoporous anodic alumina by plasma-
enhanced chemical vapor deposition [25]. Atomic layer deposited (ALD) Al2O3 was shown to be 
an effective substrate for nanocrystalline graphene direct synthesis. Nanocrystalline graphene with 
a size of about tens of nanometers has been grown on ALD alumina at a relatively low temperature 
of 550 °C by remote plasma enhanced CVD using pure methane as a precursor [26]. A large 
number of studies in this field performed CVD on sapphire [12, 15, 23]. Atmospheric-pressure 
CVD on sapphire between 1450 and 1650 °C with CH4 as precursor was used to form both 
monolayer and few-layer graphene [27, 28]. Nanocrystalline graphene on sapphire was obtained 
by low pressure carbon dioxide-assisted CVD [29].  
Uniform and continuous graphene films on different insulating substrates (including 
Al2O3) were produced by microwave plasma-enhanced CVD at a relatively low temperature of 
700–750 °C. The low activation energy barrier of Al2O3 proves it to be a more suitable substrate 
for the metal-catalyst-free growth of graphene at low temperature [30]. 
Recently, a novel type of alumina nanomaterial has been synthesized by ANF Technologies 
[31]. This material (Nafen™) is composed of γ–alumina nanofibers with the diameter of 10–20 
nm and extremely high aspect ratios (up to 106, the nanofiber length is in the cm range). Due to its 
unique aspect ratio and thermal stability up to 1250 °C [32], the Nafen material could be a 
promising support for few-layered graphene synthesis on its surface. This idea was realized 
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previously in [33, 34]. The resulting composite material showed excellent properties as an 
electrocatalyst support for Pt particles in fuel cells, and as a novel type of filler for 
electroconductive ceramics. The same approach was used later to form a network of graphene-
decorated oxide ceramic nanofibers with tailored graphitic edges for ultrasensitive electrochemical 
sensors with high stability [35]. 
Recently, we have proposed a novel type of ion-selective membranes based on carbon-
coated Nafen nanofibers, which combine the advantages of ceramic nanofibrous media with good 
electrical conductivity [36, 37]. These composite membranes demonstrate high ionic selectivity 
and appear to be very promising for nano- and ultrafiltration, separation of charged species, and 
switchable ion-transport selectivity [38–40]. To be able to control selective properties of 
membrane, a detailed study of carbon structure and its dependence on synthesis regimes is 
necessary. In contrast to spectroscopy, which provides generalized (or integral) structure 
information, the thermal study in air atmosphere can give information about the differences in 
structure along the thickness of a carbon layer. The comprehensive thermal analysis of Nafen™ 
alumina nanofibers was reported previously in [32]. It was also used for analyzing the procedure 
of nanofibers doping by zirconia and alpha-alumina by in situ chemical liquid deposition (CLD) 
technique [41]. The coupled thermal analysis (TG–DSC–FTIR) was shown to be an effective 
instrument for better understanding the synthesis procedure and optimizing the applied conditions. 
In this work, we employ the coupled thermal analysis for studying the properties of carbon-
coated alumina nanocomposites and understanding the impact of CVD deposition time on the 
structure and properties of carbon layers on Nafen alumina nanofibers. 
 
2. Materials and methods 
 
2.1. Materials synthesis 
 
To provide a nanoscale framework for CVD synthesis, Nafen nanofibers were dispersed in 
deionized water (the weight ratio Nafen:water was 1:200), and agitated with a magnetic stirrer for 
30 minutes followed by 15 minutes of ultrasonic treatment (Sonics & Materials VC–505, USA). 
The suspensions were filtered through the rough Teflon filters (average pore size about 0.6 µm) 
and dried in air. The resulting samples were obtained in the form of circular discs with the diameter 
of 40 mm. For further removal of water by evaporation, the samples were sintered at 800 °С during 
4 hours.  
Synthesis of carbon layers was conducted in the CVD reactor (OTF–1500X–UL–3, MTI 
Corp., USA) at 900 °С (heating rate of 20–30 °С/min) in propane/nitrogen mixture (1/15) with the 
total flow rate of 4000 cm3/min during the specified time (to be described below). Then the samples 
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Fig. 1. The view of alumina nanofibers based materials  
before (a) and after (b) carbon deposition. 
 
were slowly cooled to 150 °С in the atmosphere of nitrogen. Typical view of alumina nanofibers 
based materials before and after carbon deposition is presented in Fig. 1.  
 
2.2. Materials characterization 
 
2.2.1. Electron microscopy 
 
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were 
used to confirm the formation of carbon structures on alumina nanofibers. SEM analysis was 
performed by the Hitachi scanning microscope S–5500 (Japan) operating at 3 kV.  Before 
examination, the samples of Nafen nanofibers without carbon layer were coated with platinum by 
magnetron sputtering during 1 min at the current of 10 mA and the pressure of 8∙10–6 Bar in argon 
atmosphere.  
The TEM images were obtained by the Hitachi HT–7700 instrument (Japan) with an 
accelerating voltage of 100 kV. The samples were dispersed in ethanol by the ultrasonic 
homogenizer during 10 minutes at the power of 100 W. The obtained dispersion was deposited on 
a carbon coated copper grid. 
X-ray fluorescent microanalysis was conducted by combined energy dispersive X-ray 
spectrophotometer Quantax 70 with silicon drift detector (SDD) and energy resolution 154 eV 
(Cu-Kα).  
 
2.2.2. Nitrogen adsorption 
 
 Low temperature nitrogen adsorption experiments were performed at ASAP–2420 
(Micromeritics, USA) for pore and surface area characterizations. Samples were loaded in the 
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calibrated measure tubes and outgased (prepared for analysis) for 6–8 hours at 150–200 °C under 
vacuum of 6–10 μm Hg. After sample mass correction, tubes were transferred to analysis 
schematic for isotherm registration. Warm and cold free spaces of sample tubes with loaded 
samples were measured before analysis. Relative pressure (P/P0) range was 0–0.99. Measure gas 
was dosed in an incremental mode. The dose increment was 2 cm3g–1 for P/P0 range 0–0.001, while 
it was 10 cm3g–1 for P/P0 from 0.001 up to 0.995. Equilibration interval was equal to 40 seconds. 
Nitrogen saturation pressure was measured at every isotherm point to calculate P0 and analysis 
bath temperature. Textural characteristics calculations of materials under consideration were 
realized with BET, BJH, and t–plot models. Correlation coefficient for BET transform plot was 
not less than 0.999. Fitted thickness range for t–plot calculations was 3.5–5.0 Å. Thickness 
equation for t–plot and BJH method is (Harkins and Jura): 
0
13.99
0.034 log( )
t
P P


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2.2.3. Spectroscopy 
 
The structure of the formed carbon layers was determined by the Raman spectroscopy. 
Raman spectra in the backscattering geometry were recorded with the Centaur U HR setup 
equipped with a Raman spectrometer with a high spectral resolution due to the use of a double 
dispersion monochromator. Nd:YAG laser with  λ=532 nm and power 1 mW on a sample was 
used as an excitation light source.  
X-ray photoelectron spectra were measured with a SPECS instrument equipped with a 
PHOIBOS 150 MCD 9 hemispherical analyzer at electron take-off angle 900 with the pass energy 
of 10 eV for high-resolution spectra and 20 eV for survey spectra. The spectra were excited by 
monochromatic Al Kα irradiation (1486.6 eV) of an X-ray tube. The pressure in an analytical 
chamber was in the range of 10−9 mBar. The C 1s spectra were fitted with Gaussian-Lorentzian 
peak profiles after subtraction of a Shirley-type background utilizing the CasaXPS software 
package. 
 
2.2.4. Thermal analysis 
 
To study the influence of synthesis time on the amount of deposited carbon and properties 
of carbon layers, synchronous thermal analysis was used. Thermal analysis of carbon coated 
samples was performed on NETZCH Jupiter 449 with mass-spectrometer detector. A sample was 
crushed with the pestle and mortar. After that, it was placed into Pt melting pot on the differential 
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sensor with identical Pt melting pot as a reference and then heated in the oven unit in the air up to 
1200 °С. 
 
2.2.5. Measurement of electrical resistance 
 
In order to measure electrical resistance of conductive carbon layers formed on Nafen  
alumina nanofibers, we employed the Four Probe DC method. The pieces of carbon coated alumina 
nanofiber materials (see Fig. 1 (c)) were used for measurements. Four metal tips (electrodes) 
located along the same line were attached to the sample surface. This step is necessary to establish 
a reliable electrical contact between the probe and the surface. The distance between the tips was 
1 mm. Current was supplied through the external electrodes and the voltage drop between the inner 
electrodes was recorded with the help of potentiostat/galvanostat PI50–Pro (ELINS Ltd., Russia). 
The resistance of surface layers was calculated from the slope of volt-ampere curve. 
 
3. Results and discussion 
 
3.1. Morphology of carbon-coated alumina nanofibers 
 
To understand the morphological changes in Nafen based materials after deposition of 
carbon, electron microscopy methods were used. SEM images show no significant differences 
between alumina nanofibers before (Fig. 2a) and after (Fig. 2b) deposition of carbon. In order to 
understand how thickness of forming carbon layer depends on the CVD synthesis time, we have 
performed a comparative analysis of TEM images for Nafen fibers with different synthesis times 
(from 0 s to 600 s). In the absence of carbon coating, a typical TEM images (Fig. 3, 0 s) shows 
that the average fiber diameter in the Nafen material is around 10 nm, which agrees with the 
information provided by the manufacturer [31]. After deposition of carbon (Fig. 3, 60 – 600 s), a 
multilayered carbon structure is formed on the surface of alumina nanofibers. It can also be seen 
that carbon layer differs on different parts of nanofibers, so to estimate the thickness of carbon 
layers the statistical analysis of TEM images was performed. The results provided in Table 1 show 
that the average thickness of carbon layer increases by more than two times with increasing the 
CVD synthesis time from 60 to 600 s. It is accompanied by the corresponding decrease of total 
pore volume calculated from low-temperature nitrogen adsorption data. The nonlinear decrease of 
pore volume and surface area is obviously associated with the intrinsic porous structure of the 
deposited carbon, but in general still correlates with the increase of carbon layers thickness. 
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Table 1. Pore volume and surface area characteristics of samples obtained with different CVD 
synthesis times. Carbon layer thickness is obtained from statistical analysis of TEM images. 
Synthesis time,  
s 
Total pore 
volume, cm3/g 
Specific surface 
area, m2/g 
Carbon layer thickness, nm 
60 0.565 103 1.05 ± 0.26 
120 0.554 114 1.45 ± 0.44 
300 0.507 113 1.59 ± 0.57 
600 0.372 95 2.18 ± 0.89 
 
As it was previously shown [37], the 60 s deposition of carbon on the surface of alumina 
nanofibers in the selected CVD conditions led to uniform carbon distribution along the entire 
cross-section of alumina disc. The X-ray fluorescence analysis of carbon coated discs was also 
used here to confirm the preservation of uniform carbon distribution with increasing time of CVD 
synthesis.  
Figure 4a and 4b show the SEM images of discs cross-sections for 60 and 600 seconds of 
CVD, while the corresponding X-ray carbon distribution maps are provided in Fig.4c and 4d. The  
formation of carbon structures in the entire thickness of the discs is observed. The increase of the 
area under the carbon peak (Fig. 4d) indirectly confirms the conclusion about increasing of carbon 
amount with increasing the CVD synthesis time. 
  
 
 
Fig. 2. SEM images of Nafen fibers before (a) and after (b) deposition of carbon. 
The corresponding TEM images of nanofibers are shown in the insets. 
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Fig. 3. TEM images of Nafen fibers before (0 s) after  
deposition of carbon with different CVD synthesis times (60, 120, 300, 600 s). 
 
 
3.2. Thermal analysis of carbon-coated Nafen based materials 
 
Typical thermal analysis data of carbon coated alumina nanofibers (further C/Al2O3) is 
shown in Fig. 5. According to the TGA and mass-spectra of volatile pyrolysis products, for 
C/Al2O3 obtained for CVD time of 60 s, the first weight loss of 11.5% occurs up to 230 °С and 
corresponds to water evaporation.  
Comparison of thermal analysis data with the results of differential scanning calorimetry 
shows the two stages of combustion of carbon layers on Nafen fibers (Figs. 5, 6). The first stage 
results in wide peak of weight loss at 230 – 460 °С accompanied by exothermic thermal effect 
(peak on DSC about 230 °С) and СО2 evolution (the total mass loss is 4.5%), the second one takes 
place at 586.8 °С with thermal effect of 3.36 kJ/g and intensive CO2 evolution. Intensive mass loss 
at 250–300 °C is observed due to release of functional groups. The total mass loss at these stages 
is 15.1 %, which agrees with the direct measurements during synthesis. 
  Results of thermal analysis and calorimetry indicate different behavior of C/Al2O3 
obtained by CVD with different synthesis time when heated in an air atmosphere (Fig. 7).  
 
9 
 
 
 
Fig. 4. SEM images (a, b) and carbon distribution X-ray maps (c, d) of cross-sections of 
carbon coated alumina discs: a, c – for 60 s of CVD; b, d – for 600 s of CVD. 
 
 
 
 
Fig. 5. Thermal analysis data for C/Al2O3 obtained for 60 s of CVD [37]. 
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Fig. 6. Mass-spectra of volatile pyrolysis products for C/Al2O3 with 60 s of CVD:  
(a) m/z=18 (H2O), (b) m/z=44 (CO2). 
 
Comparison of thermal analysis data with the results of the differential scanning 
calorimetry indicates the disappearance of water evaporation stage and the early carbon 
combustion stage with increasing of synthesis time up to 300 s. The maximum of mass loss shifts 
to a higher temperature region (from 580 to 660 °C) with the corresponding shift of thermal effect 
that confirms a later start of carbon combustion (Fig. 7).  
Based on the results of thermal analysis, the average content of obtained materials can be 
estimated (Table 2). The amount of carbon is determined from the mass loss during the carbon 
combustion state, while the amount of Al2O3 corresponds to the mass of non-combustible residue 
after the thermal analysis. The thermal effect was calculated based on the area below the DSC 
curve plotted as a function of time in the standard Proteus Netzch software package. The 
combustion temperature corresponds to the position of peak maximum on the DSC curve. 
It can be seen that the increase of synthesis time increases the amount of carbon on alumina 
surface. The sharp increase in carbon quantity at 300 s in comparison with 120 s can be associated 
with the filling of pore system by growing carbon. Once the inner pores are filled, carbon continues 
to grow mainly on the sample surface resulting in further increase on carbon fraction. 
According to the data in Table 2, the combustion temperature increases with increasing the 
CVD synthesis time. The sample corresponding to 120 s is an exception from the general trend. A 
slight decrease of combustion temperature with increasing the synthesis time from 60 s to 120 s 
can be explained by a larger specific surface area of the latter sample (see Table 1). 
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Fig. 7. Thermal analysis data for C/Al2O3 obtained by CVD with different synthesis time: (a) 
thermal data, (b) differential thermal analysis, (c) differential scanning calorimetry. 
 
Table 2. Summary data of thermal analysis of carbon on Al2O3 
obtained for different CVD synthesis times. 
Synthesis time,  
s 
Mass fraction of 
Al2O3 
Mass fraction 
of carbon 
Q, 
kJ/g 
Combustion 
temperature, °C 
60 0.676 0.174 3.36 586.8 
120 0.736 0.193 4.58 581.1 
300 0.64 0.287 7.55 602.5 
600 0.519 0.464 12.8 657.3 
 
3.3. XPS spectroscopy 
 
Early carbon combustion stage observed for the C/Al2O3 obtained in 60 s of CVD (Fig.5, 
6) can be explained by burnout of defects and functional groups with heteroatoms that can be 
formed on the carbon surface during CVD process. For example, oxygen-containing groups may 
occur due to partial surface oxidation by air oxygen. This assumption was partly confirmed by  
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Fig. 8. The results of fitting of the photoelectron C 1s spectra for C/Al2O3  
composites prepared at different CVD synthesis times. 
 
previously described results of IR spectroscopy [37]. After deposition of carbon for 60 s of CVD, 
the peaks characterizing the presence of С=С bond (1580 cm–1) and С=O bond  
(1236 cm–1) appeared. 
The TGA data reveal the disappearance of early (up to 300 °C) carbon combustion stage 
for materials obtained after more than 120 s of CVD (Fig 7). It can be caused by a decrease of 
functional groups and defects in forming carbon layers. To confirm this assumption, the C/Al2O3 
obtained after different times of CVD synthesis was studied by X-ray photoelectron spectroscopy 
(XPS). The results of fitting the C 1s spectra using typical set of carbon species, i.e., graphite at 
the binding energy of 284.45 eV, aliphatic carbon (285 – 285.5 eV), alcohol groups (286.1 – 286.5 
eV), carbonyl groups (about 267.5 eV), and carboxylic groups (288.5 – 288.9 eV) are shown in 
Fig. 8. The X-ray photoelectron survey and C 1s spectra can be found in the Supplement Info (Fig. 
S1). 
XPS data show that the concentration of oxygen-bearing functional groups is highest for 
the C/Al2O3 obtained in 60 s CVD, and decreases with increasing the CVD synthesis time. This 
may be related, in particular, with enhancing temperature of carbon combustion at TG curves on 
Fig. 7. The lower content of surface functional groups and the later start of carbon combustion 
with the increase of synthesis time can be also interpreted in terms of an increase in the ordering 
of carbon. It agrees with currently existing ideas about the formation of more ordered carbon 
structures at elevated temperatures [42]. 
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Fig. 9. Raman spectra of C/Al2O3 obtained by CVD with different synthesis time.  
The relative intensity ID/IG is 1.12, 1.11, 1.09, 0.99 for 60, 120, 300, 600 s 
of CVD synthesis time, respectively. 
 
 
 
 
Fig. 10. The dependence of carbon layer resistance on the CVD synthesis time. 
 
3.4. Raman spectroscopy 
 
To provide an additional confirmation for the increase of carbon ordering at higher 
synthesis temperatures, the Raman spectroscopy was used. It is known as an effective instrument  
for characterization carbon materials obtained by CVD [43]. Raman spectra for materials obtained 
during different synthesis times are shown at the Fig. 9. The obtained data clearly show the 
formation of disordered carbon structures in all cases: the peaks at 1350 cm−1 and 1600 cm−1 
correspond to the D (disorder) and G (graphitic) peaks of the carbon. When increasing the 
synthesis time from 60 to 600 seconds, the corresponding decrease of relative intensity of D and 
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G peaks (ID/IG) is observed (see Fig. 9).  It indicates the reduction of defects in carbon layers for 
higher synthesis times. 
 
3.4. Electrical resistance 
 
In  Figure 10, we show the dependence of resistance for carbon-coated Nafen based 
materials on the synthesis time. It can be seen that increasing this time from 60 s to 600 s results 
in the decrease of resistance from 25 to 4 mΩ·m. It provides an additional confirmation of the 
increase of carbon structure thickness, interconnectivity, and ordering with increasing the CVD 
synthesis time. The lower resistance could be considered as an indirect confirmation of the 
reduction of defects in carbon structure [44, 45]. 
 
4. Conclusion 
 
We have prepared a composite alumina-carbon material by non-catalytic metal-free 
chemical vapor deposition of propane on Nafen alumina nanofibers. According to SEM and TEM 
results, this process leads to the formation of multilayered carbon on the surface of alumina 
nanofibers. The average thickness of carbon layer increases by more than two times (up to 2–3 
nm) with the increase of CVD synthesis time from 60 to 600 seconds. X-ray carbon distribution 
maps confirm the increase of carbon amount for larger synthesis times. 
According to mass spectra of volatile pyrolysis products and XPS analysis, the obtained 
carbon structures contain alcohol, carboxyl and carbonyl functional groups for all studied CVD 
synthesis times. The XPS analysis reveals the decrease of oxygen-containing groups concentration 
with the increase of synthesis time.  
The thermal analysis shows that the peak of carbon combustion shifts to a higher 
temperature region indicating the increase of carbon ordering. Raman spectroscopy and 
measurement of electrical resistance confirm this conclusion. These findings could be employed 
for further development of conductive nanoporous membranes for switchable ion transport  
[36, 37, 40] as well electroconductive ceramics [33, 34]. 
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